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Abstract: This experimental study on a solar air heater having absorber plate roughened artificially by providing 
roughness in the form of arc ribs having gap was carried out in the Department of Mechanical Engineering, Punjab 
Agricultural University, Ludhiana, India to study the effect of relative roughness pitch on thermal and thermo-
hydraulic performance as well as to compare the performance of arc rib with gap roughened solar air heater with 
that of continuous arc rib roughened solar air heater. The roughness geometry parameters included relative rough-
ness height of 0.043, angle of attack of 30 degree, relative gap position of 0.80, gap-width equal to the width of the 
rib and five values of relative roughness pitch ranging from 4 to 12 for flow Reynolds number range of 2000 to 
16,000. The Nusselt number and friction factor were found to be more for relative roughness pitch value of 10 as 
compared to other values of relative roughness pitch. Thermo-hydraulic performance of solar air heaters roughened 
by arc with gap and continuous arc roughness geometries were found to be 1.91 times and 1.78 times respectively 
as compared to that of solar air heater having smooth absorber plate due to generation of turbulence in laminar 
sublayer region. However, improvement  in thermo-hydraulic performance of solar air heater roughened by  arc with 
gap geometry over continuous arc rib roughened solar air heater was attributed to generation of  a region of turbu-
lence on downstream side of the gap. 
Keywords: Artificial roughness, Reynolds number, Solar air heater, Thermal performance, Thermo-hydraulic per-
formance  
INTRODUCTION 
Thermal performance of a solar air heater is poor be-
cause of low heat transfer coefficient between the ab-
sorber plate and air which leads to higher absorber 
plate temperature and hence greater amount of heat 
losses to the surroundings (Duffie and Beckman, 
2006). A number of experimental investigations have 
been reported in literature in which different methods 
have been used to improve the thermal performance of 
solar air heaters (Ho CD et al., 2009; Akpinar and 
Koçyig, 2010; Alta et al., 2010; Omojaro and Aldab-
bagh, 2010; Siddhartha, 2010; Wazed et al., 2010; El-
Sebaii et al., 2011; Gill et al., 2012). In most of the 
performance improvement methods, enhancement in 
thermal performance is accompanied by large pumping 
power requirements due to increased frictional losses. 
However, use of artificial roughness on the underside 
of the absorber plate of solar air heater brings consid-
erable enhancement in thermal performance at nominal 
increase in frictional losses (Bhushan and Singh, 2010; 
Hans et al., 2010; Singh et al., 2011, Singh et al., 
2015). Gupta et al. (1993) carried out an experimental 
investigation to compare the thermal performance of 
solar air heaters having absorber plates roughened  
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artificially with inclined and transverse rib type  
roughness. It was reported that inclined ribs outperform 
the transverse ribs due to generation of rotating secondary 
flow cell resulting in increase in local heat transfer. 
Han and Park (1988) and Park et al. (1992) also  
investigated the thermal performance of inclined ribs 
and reported that heat transfer enhancement in  
channels having inclined ribs was found to be  
significantly greater than that of channels having  
transverse ribs. With the focus of rib roughness shifted 
to high performance ribs, Momin et al. (2002) reported 
that V-shape rib perform better that inclined ribs due to 
generation of two rotating secondary flow cells. Hans 
et al. (2010) reported that multiple V-ribs improve 
thermal performance considerably as compared to  
single V-rib due to generation of more number of  
rotating secondary flow cells. Kumar et al. (2012)  
reported that multiple V-rib with gap outperform  
continuous multiple V-rib in terms of heat transfer 
enhancement due to generation of more number of 
secondary flow cells and interruption of growth of 
boundary layer downstream of a rib as secondary flow 
passes through the gap. Aharwal et al. (2009) and 
Singh et al. (2011) also reported that gap in inclined 
rib as well as in single V-rib brings out considerable 
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improvement in thermal performance as compared to 
continuous inclined rib and continuous single V-rib 
respectively. However, thermal and thermo-hydraulic 
performances of solar air heater having absorber plate 
roughened with arc rib with gap have not been evaluated. 
Therefore, an experimental investigation has been carried 
out to study the thermal and thermo-hydraulic  
performances of solar air heater roughened with arc rib 
with gap. In order to bring out the effect of gap in arc 
rib, thermal and thermo-hydraulic performances of 
solar air heater having arc rib with gap type of  
roughness have been compared with those of solar air 
heater having continuous arc rib type roughness. 
MATERIALS AND METHODS 
Experimental set-up and procedure: An experimental 
test facility has been designed and fabricated in the 
Department of Mechanical Engineering, Punjab  
Agricultural University, Ludhiana, India. The roughened 
plates having different values of relative roughness 
pitch of arc rib with gap geometry were tested to study 
the effect of relative roughness pitch on the heat  
transfer and fluid flow characteristics of a rectangular 
duct of a solar air heater. A schematic diagram of  
experimental setup is shown in Fig. 1.It consists of a 
rectangular duct having entry, test and exit sections, a 
3-phase centrifugal blower with two control valves to 
pass and control airflow through the duct, a calibrated 
orifice plate for measurement of mass flow rate of air, 
a digital micro manometer for measuring pressure drop 
across the duct and digital temperature indicator for 
temperature measurement. The rectangular duct is 
made of wood and is 2440 mm long with a flow cross 
section of 300 mm wide (W) and 25 mm deep (H) and 
has entry section, test section and exit section of 
lengths of 550 mm, 1000 mm and 890 mm respectively 
in accordance with the recommendation of ASHRAE 
standard 93-77 (1977).The top side of the rectangular 
duct comprises 1 mm thick galvanized iron sheet 
roughened with circular cross section aluminum ribs 
whereas the remaining three walls are kept smooth and 
insulated. The absorber plate is heated from the top by 
supplying a constant heat flux by means of an electri-
cal heater topped by an insulation of 50 mm thick glass 
wool and 12 mm thick plywood. A calibrated orifice 
meter connected with a U- tube manometer having 
kerosene as manometric fluid is used to measure the 
mass flow rate of air. Calibrated copper-constantan 0.3 
mm diameter (24 SWG) thermocouples have been 
used for measurement of inlet and outlet air, and the 
absorber plate temperatures. The  pressure  drop  
across  the  test  section  was  measured  by  digital  
micro-manometer having a least count of 0.001 Pa. 
Data has been collected under study-state condition 
which was  obtained in about 1.5 to 2 hours. In order to 
determine the effectiveness of arc rib with gap geome-
try, Nusselt number and friction factor of a conven-
tional solar air heater having smooth absorber plate 
and a solar air heater roughened with continuous arc 
rib were determined experimentally and compared 
with those of a solar air heater roughened with arc rib 
with gap under similar operating conditions. 
Roughness geometry and range of parameters : Fig. 
2 shows the general arrangement of arc-shaped rib 
with gap. The aluminum wires were fixed on the un-
derside of absorber plates to develop 30o arc ribs with 
gap. The roughness geometry and flow parameters con-
sidered in this experimental study are listed in Table 1. 
Data reduction  
The heat transfer rate (Qu) to air is given by: 
          (1) 
where,     
m mass flow rate of air, kg/s;  Cp specific heat of air at  
constant pressure, J/kg-K;   
Ti  inlet air temperature, °C;  
( )u p o iQ mC T T 
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253  
To average outlet air temperature, °C;   
The convective heat transfer coefficient (h) and Nus-
selt number (Nu) for the heated test section is calcu-
lated from the relationships as given below: 
 and  (2) 
where,  
Tpm and Tfm are the plate mean temperature and the 
fluid mean temperature respectively, °C;   
Ap absorber plate area, m
2;   
Dh hydraulic diameter of duct, m;  
Kair thermal conductivity of air, W/m-K.  
Pressure drop (δP) measured across the test section 
length (Lf) is used to find out the friction factor (f) 
using the equation: 
          (3) 
where,    
Gair mass velocity of air, kg/s-m
2;    
ρair  density of air, kg/m
3 
Based on the analysis of errors in the experimental 
measurements for  different  instruments  used (Kline 
and McClintock, 1953),  the  uncertainties  in  the  
values  of  the  Reynolds  number,  Nusselt number 
and friction factor have been estimated to be ±2.22%, 
±2.49% and ±6.81%, respectively for Reynolds number 
value of 2000 and corresponding values for  
Reynolds number value of 16000 are ±1.57%, ±4.28% 
and ±3.48% respectively. 
Validation of experimental setup: For validation of 
experimental setup, Nusselt number and friction factor 
determined from experimental data for smooth duct 
have been compared with the values obtained from 
Equation [4] and Equation [5] for Nusselt number and 
friction factor, respectively. 
 Dittus Boelter Equation: Nus = 0.023 Re 0.8 Pr0.4        (4)
 Modified Blasius Equation: fs = 0.085 Re-0.25          (5)
The comparison of the experimental and predicted 
values of Nusselt number and friction factor is shown 
 
u
p pm fm
Q
h
A T T


in Figs. 3 and 4 respectively. The average deviation of 
experimental values of Nusselt number is ±3.9% from 
the predicted values given in Eq. 4 and the average 
deviation of experimental values of friction factor is 
±2.5% from the predicted values given by Eq. 5. This 
shows good agreement between experimental and  
predicted values, which ensures the accuracy of the 
data collected with the experimental set-up. 
RESULTS AND DISCUSSION 
In this section, the variation of Nusselt number, friction 
factor and thermo-hydraulic performance parameter of 
duct roughened with arc rib having gap as a function of 
Reynolds numbers have been plotted and compared 
with those of the continuous arc rib roughened duct 
under similar operating conditions. 
Figs. 5 (a) and (b) show the effect of Reynolds number 
on Nusselt number and friction factor for various values 
of relative roughness pitch, p/e, relative roughness 
height, e/Dh value of 0.043, relative gap width, g/e, 
value of 1.0, relative gap position, d/w, value of 0.8and 
angle of attack value of 30o. It was observed that the 
Nusselt number increased with the increase in Reynolds 
number for all the values relative roughness pitch  
considered in this experimental investigation for both 
arc rib with a gap and conventional solar air heater 
having smooth absorber plate. This can be attributed to 
the fact that turbulence increased with increase in Rey-
nolds number (Singh et al., 2015).For the entire range 
of Reynolds number, Nusselt number was found to be 
higher for arc rib with a gap as compared to conven-
tional solar air heater having smooth absorber plate. 
From Fig. 5(b), it was observed that the friction factor 
decreased with increase in Reynolds number for all 
values of relative roughness pitch (p/e) and this can be 
attributed to the fact that thickness of viscous sub-layer 
decreases with increase in Reynolds number. 
In order to show the effect of relative roughness pitch 
(p/e)on Nusselt number and friction factor, the results 
shown in Figs. 5 (a) and (b)have been re-plotted in 
Figs. 6 (a) and (b) for different values of Reynolds 
number. It was observed that as relative roughness 
pitch increased from 4 to 10, Nusselt number and fric-
tion factor increased and then both decreased with fur-
ther increase in relative roughness pitch from 10 to 12. 
This variation may be caused by change in flow and 
heat transfer characteristics of secondary flow at front 
side of rib. The results are in agreement with previous 
Table 1. Values of flow and roughness geometry parameters. 
S. No. Parameters Range 
 i Reynolds Number (Re) 2000 to 16000 
 ii Relative roughness height (e/Dh) 0.043 
 iii Relative roughness pitch (p/e) 4 to 12 
 iv Arc-angle (α), degree 30° 
 v Relative gap position (d/w) 0.8 
 vi Relative gap width (g/e) 1.0 
Fig. 2. General arrangement of arc-shaped rib with gap. 
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investigation carried out by Han et al., 1978. 
It can be seen from Fig. 5 (a) that the solar air heater 
roughened with arc rib with gap resulted in higher 
Nusselt number and friction factor as compared to 
smooth conventional solar air heater duct. Therefore, it 
is pertinent to determine the optimum values of  
roughness geometry parameters of arc rib with gap that 
will result in maximum enhancement of heat transfer 
with minimum frictional losses. For this purpose, 
thermo-hydraulic performance of a solar air heater, 
roughened with arc rib having gap, has been evaluated 
in terms of thermo-hydraulic performance parameter, η 
proposed by Eckert (1972). Thermo-hydraulic performance 
parameter is given by the following equation: 
η = (Nu/Nus)/(f/fs)1/3                                               (6) 
The value of thermo-hydraulic performance parameter 
greater than unity indicates it is overall advantageous 
to use roughened duct in comparison to smooth duct. 
Fig. 3. Comparison of experimental and predicted values of 
Nusselt number.  
Fig. 4. Comparison of experimental and predicted values of 
friction factor.  
(a) (b) 
Fig. 5. Variation of Nusselt number (Nu) and friction factor (f) as a function of Reynolds number (Re).  
(a) (b) 
Fig. 6.Variation of Nusselt number (Nu) and friction factor (f) as a function of relative roughness pitch (p/e). 
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Fig. 7 has been plotted to show the variation of thermo
-hydraulic performance parameter for different values 
of relative roughness pitch as a function of Reynolds 
number. For all values of relative roughness pitch, 
value of thermo-hydraulic performance parameter has 
been found to be more than unity which clearly  
indicates the superior performance of arc rib with gap 
in comparison to the smooth duct. The highest value of 
thermo-hydraulic performance parameter was observed 
to be 1.91 at Reynolds number of 12,000 for relative 
roughness pitch of 10. This indicates that it is  
advantageous to use arc rib with gap with relative 
roughness pitch of 10 as compared to other values of 
relative roughness pitch.  
In order to bring out the advantage gained by using gap 
in continuous arc rib, results of present study have 
been compared with continuous arc rib tested under 
similar operating and roughness geometry parameters. 
Thermal performance, in terms of Nusselt number, 
frictional characteristics, in terms of friction factor and 
thermo-hydraulic performance, in terms of thermo-
hydraulic performance parameter, of solar air heaters 
Fig. 7.Variation of Thermo-hydraulic performance parame-
ter (η) as a function of Reynolds number (Re) for different 
relative roughness pitch (p/e). 
(a) (b) 
Fig. 8. Comparison of variation in Nusselt number (Nu) and friction factor (f) of solar air heater duct roughened with arc rib 
having gap and continuous arc rib.  
roughened with arc rib having gap and continuous arc 
rib have been compared. 
Figs. 8 (a) and (b) have been plotted to compare  
Nusselt number and friction factor of solar air heater 
roughened with arc rib having gap with those of solar 
air heater roughened with continuous arc rib. For all 
the values of Reynolds number, Nusselt number and 
friction factor for arc rib having gap were found to be 
more as compared to those of continuous arc rib. For 
arc rib having gap, the highest values of Nusselt  
number and friction factor were found to be 1.10 times 
and 1.08 times respectively as compared to continuous 
arc rib. Similarly, in Fig. 9 it has been shown that for 
all values of Reynolds number, thermo-hydraulic  
performance parameter was found to be higher in case 
of arc rib with gap as compared to continuous arc rib. 
For arc rib having gap, the highest thermo-hydraulic 
performance parameter obtained is 1.91 at relative 
roughness pitch of 10, as compared to 1.78 for  
continuous arc rib. It is due to the fact that with the 
introduction of gap in a continuous arc rib, a region of 
high local Nusselt number develops downside of the 
gap as the air flow through the gap accelerates and 
causes flow-mixing and turbulence on downstream 
side of the gap as reported by Cho et al. (2003).  
Similar findings have been reported by Aharwal et al. 
(2009) for inclined ribs with gap, Singh et al. (2011) 
for V rib with gap and Kumar et al. (2012) for multi V 
rib with gap. 
Conclusion 
It was concluded that the friction factor and Nusselt 
number of the roughened duct are strong function of 
rib roughness pitch. The highest friction factor and 
Nusselt number occur at relative rib roughness pitch 
value of 10 and they decrease on both sides of this 
pitch. For arc rib having gap, the highest values of 
Nusselt number and friction factor were found to be 
1.10 times and 1.08 times respectively as compared to 
continuous arc rib. Under similar experimental condi-
tions, the arc rib having gap produces higher thermo-
V. S. Hans et al. / J. Appl. & Nat. Sci. 8 (1): 251 –256 (2016) 
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Fig. 9. Comparison of variation in thermo-hydraulic  
performance parameter (η) of solar air heater duct roughened 
with arc rib having gap and continuous arc rib.  
hydraulic performance in comparison to continuous arc 
rib. Corresponding to relative roughness pitch value of 
10, the highest value of thermo-hydraulic performance 
parameter obtained for arc rib having gap is 1.91 as 
compared to 1.78 for continuous arc rib for Reynolds 
number value of 12000. The improvement  in thermo-
hydraulic performance of solar air heater roughened by 
using arc with gap geometry over continuous arc rib 
roughened solar air heater is due to generation of  a 
region of turbulence on downstream side of the gap. 
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